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Abstract 
SERC-Chile has been created as a center of excellence in solar energy research. The center will aim to be a world leader in basic 
research on solar energy technology and applications, with a particular emphasis in developing the potential of Chile´s Atacama 
Desert, one of the world´s prime locations for the study and application of solar power. Typical impurities present in Chilean 
nitrates are Mg, SO4- and Cl-, among others. 
In the present research a full characterization of the binary solar salt has been carried out, studying the influence of the most 
important impurities in the thermal process as well as the corrosion ability at the storage temperatures of the main important solar 
thermal plants.  
The performed thermal analysis  are been run by Differential Scanning Calorimeter  (DSC), Modulated Differential Scanning 
Calorimeter (MDSC) and Thermogravimetric Analize (TGA), leading phase transitions , melting point , heat capacities and 
thermal stability values of tested salts. The moisture will be another parameter to check in this technology showing an 
improvement in mixtures with a heat treatment before the corrosion test. 
The corrosion scope were determined by gravimetric tests, measuring the weight gain of three alloy steels with low Cr content at  
390ºC during 2000 h, identifying the corrosion products via scanning electron microscopy (SEM) and x-ray diffraction (XRD).  
Fe2O3 and Fe3O4 were the most important corrosion products found, being observed also the formation of some stable 
compounds with the impurities of the salt, as magnesiumferrite (MgFe2O4).  
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1. Introduction: 
Different kind of mixtures of alkali nitrates have been used as energy storage fluid in solar power during the last 
years. The most optimized mixture is called solar salt, and is composed by 60% NaNO3 / 40% KNO3. This mixture 
melt at 223ºC, is thermally stable to about 600ºC, and offer a favourable combination of high density, low vapour 
pressure, moderate specific heat, low chemical reactivity, and low cost [1]. 
Along with these features, the mixture of molten nitrate must also satisfy another  important requirements in solar 
plants, like thermal conductivity, diffusivity and a lower heat loss coefficient [2]. In terms of the increasing the 
efficiency, the heat storage fluid needs to have a low vapor pressure due to the fact that into the heat exchangers 
solar power reaches a pressure of 20 bar and this increase can mean that heat losses occur. 
Also the transport properties of molten materials such as thermal conductivity and electrical conductance at high 
temperatures are crucial for the efficient design of industrial equipment and chemical processes. These physical 
properties of heat transfer fluids are needed to perform engineering design calculations of collector and storage 
systems. The aim of this investigation is the study of the corrosion caused by the Chilean solar nitrates salts in 
different low % Cr steels in a work temperature of parabolic through solar power plants at 390ºC. 
The corrosive effect of these salts is based on the following reduction reaction: 
 
NO3- + 2e-  NO2- + O2-            (1) 
 
That results in oxidation of iron atoms which diffuse from the material [3, 4]: 
 
Fe + O2- FeO + 2e-                      (2) 
3FeO + O2-  Fe3O4 + 2e-              (3) 
 
In order to understand process in alkaline nitrates is important to point out the formation of different (several) 
oxide ions during the corrosion tests. Experiences performed by I.B. Singh et al. [5] indicate the existence of O
2-
 
oxide, O2
2-
 peroxide and O2
- superoxide, arisen from unstable oxide ions in the nitrate melt. As described through 
the following equations: 
 
O2- + NO3-  NO2- + O22-          (4) 
O22- + 2NO3
- 2NO2- + 2O2-     (5) 
 
Several authors have been studied the formation of those oxides in corrosive process in those salts [6, 7] 
sustaining  the formation of  Na2O y KO2, whose ions K+  and  Na+ have different affinities for the formed ions on 
the equations 4 and 5, as following: 
 
2Na+ + O2- Æ Na2O         (6) 
2K+ + 2 O2- Æ KO2          (7) 
 
The formation of those oxide hiders the electronic movement required for generate the cathodic reaction, 
decreasing the corrosive ability of the salt. 
The moisture effect in those reactions is also studied by mentionated authors, establishing the following reaction 
intermedium [8, 9]: 
H2O + NO3- Æ HONO2 + OH-            (8) 
HONO2 + 2e- ÆNO2- + OH-                (9) 
 
In this environment the oxides of potassium and sodium are more solvable allowing a better course of the 
cathodic reaction, increasing the corrosive ability of the salt. 
 
H2O + NO3- + 2e- Æ NO2- + 2 OH-           (10) 
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But it is important to point out that as the oxide ion content will be very small at 3900C, it can be significantly 
affected by other species such as carbonate and sulfate. The paper by White and Twardoch [10] states that water 
absorption by molten nitrates is reversible and does not produce oxide ions. Their results contradict Singh and use 
similar electrochemical methods to assay oxide ions. 
 
Along with the corrosion studies, studying this influence of the moisture in the salts, DSC and TGA tests have 
been made, analyzing the phase transitions, melting point, heat capacity and thermal stability mainly. 
1.1. Experimental procedure: 
x Thermal analysis of salts: 
Open platinum crucibles have been used in SDT Q600 calorimeter during thermal decomposition tests, in order 
to measure the weight variation on mixture along the temperature increasing. In DSC Q20 equipment heating and 
cooling ramps at 10ºC/min have been performed showing the absorbed heat (endothermic peak) or emitted heat 
(exothermic peak) by the sample in each case. In order to obtain better sensibility on signals the aluminium crucibles 
are hermetically closed and the equipment is endowed with a refrigeration system for obtain major precision on the 
cooling curves. 
x Gravimetric study: 
Along with the thermo - physic study of salts, the corrosion caused on steels have been evaluated. Those tested 
steels are shown in table 1. 
 
Table 1: Chemical compositions of the alloy samples 
 
 
 
 
 
 
 
 
The specimens of this material have dimensions of 20x10x2 mm and have polished with #600 SiC abrasive 
papers, washed with distilled water and acetone. 
The isothermal immersion tests were analyzed by gravimetric analysis at 24, 48, 150, 350, 500, 750, 1000, 1250, 
1500, 1750 and 2000 hours, where two specimens of each alloy were removed from the nitrate mixtures for 
examination and analysis. The samples were slowly cooled and were washed with hot distilled water to remove 
excess of salt. Heat treatment performed to study the influence of the moisture in the salts, was carried out by 
heating at 1800C during 24 hours before corrosion test. 
The study of these mixtures is completed with a gravimetric corrosion test at 390ºC in a carbon steel (A1) and in 
low Cr steels (T11,T22). The Chilean salts used for this research contain the level impurities shown in table 2. 
 
Table 2: Level impurities contained in chilean salts 
 
 
 
 
 
Steel 
Weight % 
Si Mn Cr P Mo C S 
A1 0,1 0,93  0,035  0,27 0,035 
T11 0.79 0.44 1.2 0.008 0.5 0.1 0.002 
T-22 0.3 0.4 2.25 0.3 1 0.12 0.3 
Parameter Cl- (%) SO4
2- 
(μg/g) 
Ca 
(μg/g) Cr (μg/g) Fe (μg/g) 
Mg 
(μg/g) Moisture (%) 
NO2- 
(μg/g) 
Value 0.2868 1044.6 49.04 <1 <1 455.2 0.0776 16.6 
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2. Results: 
x Thermo-physical study: 
 
Melting point and latent heat of molten salts were measured in DSC- Q20 and the thermal decomposition in 
SDT- Q600 thermo-gravimetric analysis, obtaining following graphics: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1:  DSC NaNO3, KNO3 and 60% NaNO3+40% KNO3 
 
In the figure 1, we can observe the curves of the isolated components NaNO3 and KNO3 and the thermal analysis 
belonging to the binary mixture 60%NaNO3 + 40%KNO3, being possible to observe a first transition at 131ºC which 
corresponds to a phase change on the saline mixture. In the tested binary mixture (blue signal) before this mentioned 
first transition, we reach the fusion at 221ºC. As we can see in the figure 2 a) the heat capacity obtained at 390ºC for 
the binary solar is 1.48 J/g ºC, matching with the values given by Kearny et al [11].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a)                                                                                    
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b)  
 
Fig 2: a) Cp at 390ºC b) TGA of 60%NaNO3 + 40%KNO3 mixture. 
 
For the thermal stability tests (fig 2b), the maximum levels of weight losses on the mixture was fixed on 3%, 
taking this value as thermal stability limit of the salt, the maximum stability reached was 588.5ºC. 
 
 
x Gravimetric study: 
 
The joint behavior of steels in saline 60% NaNO3 / 40% KNO3 at 390ºC for 2000 hours of test is shown in figure 
3 results for low chromium steels. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Gravimetric mass gain suffered by steels immersed in the molten quaternary salt during 2000 hours. 
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A1 presents poorer corrosion behaviour in contact with the binary solar salt. This behaviour is confirmed by 
microstructural studies performed on the sample after the corrosion test (figure 4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4: Cross section of  A1 at 390ºC  at the end of the test 
 
Analyze of the cross section of T11 steel, at the end of the test, is shown on the figure 5. This steel shows better 
behaviour in this environment due to the chromium content (1.2%), EDX analyze shows some impurity content, 
sodium and potassium mainly, in the outer zone of the corrosion layer. 
 
 
 
 
 
 
 
 
 
 
 
      
 
 
 
 
 
 
 
 
 
Fig 5: Cross section of T11 at 390ºC at the end of the test. 
 
Fe2O3 and MgFe2O4 are main important corrosion products detected on A1 steel (figure 6a) while T11 steel 
shows better behavior due to the formation of the protective spinel MgCr2O4 in surface of the material (figure 6b). 
 
 
 
Analyze O Mn Fe 
2A 19.43 0.56 80.01 
2B 0.88 99.12 
Analyze O Na Si K Ca Mn Fe 
2A 3.59 2.14 0.43 3.96 0.66 0.67 88.5 
2B 19.5  0.25 0.27  0.61 79.2 
2C   0.41   0.66 98.9 
58,07 μm 
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a)                                                                                     b) 
Fig 6: DRX of a) A1 and b) T11 after 2000 hours of test 
 
T22 steel shows better behaviour against corrosion, due to the higher chromium content (2,25%) present in this 
steel (figure 7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7: Cross section of T22 at 390ºC at the end of the test. 
 
The corrosion products, obtained for this steel (figure 8), were (KNa)CrO4, as a protective compound, Fe2O3 and 
Fe3O4 as corrosion products, and MgFe2O4 and MgO formed by the interaction with the salt impurities.  
It has been shown in this research, according with bibliography [12], that magnesium from these impurities forms 
stable compounds in the nitrates reactivity in terms of magnesium oxides or entering into the structure of magnetite 
(Fe3O4) to form MgFe2O4 spinel, also in processes with a more severe corrosion. These magnesium compounds are 
formed in the outer layers of oxidation, which are in contact with the salt mixture, Zimnol et al. [13] studying the 
synthesis of MgFe2O4, and determine the formation of these by the presence of mutual solubilities of FeO, MgO, 
and the spinel-type compounds MgFe2O4 and γ-Fe2O3. 
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Fig 8: DRX of T22 steel after 2000 hours of test 
 
As shown in Equation 10, the presence of moisture is involved in the corrosion process, to evaluate this fact we 
have carried out a heat treatment before the corrosion test reducing moisture from 0.0776% to 0.0268%. The 
corrosion caused by this new mixture at 390ºC on steels is lower than the effect in the binary salt without heat 
treatment before the corrosion test, as shown on gravimetric curves (fig 9).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Joint behaviour of carbon steels in contact with pretreated 60%NaNO3 + 40%KNO3 at 390ºC for 2000 hours of test 
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This behaviour is confirmed by microstructural studies performed on the sample after the corrosion test.  
 
 
 
 
 
 
 
 
 
 
 
 
                             A1                                                                                T11                                 
a) b)   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                               c)                          T22 
 
                                                                                                  
Figure 10: Cross section in carbon steels a) A1 b) T11 c) T22 immersed in pretreated binary salt during 2000 hours of test 
 
 
The steels tested show better behaviour in contact with pretreated salt, reducing their corrosion layer thickness 
after 2000 hours of test.  
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3. Conclusions: 
This research performs a complete thermal study of the Chilean nitrate salts, currently used like storage material 
in Concentrated Solar Power (CSP) plants, evaluating melting points, phase transition, heat capacity and thermal 
decomposition by DSC and TGA. 
The obtained gravimetric results as well as x-rays and SEM analysis performed, confirm the excellent behaviour 
of the low Cr steels tested at 390ºC, validating the use of these steels in pipes, heat exchangers and pipelines in 
contact with this environment used as energy storage in solar power plant. 
The moisture content was reduced with a heat treatment before the corrosion test, showing an important 
improvement against corrosion ability in this environment. 
4. Future work: dynamic-fluid pilot plant 
The idea for future projects is the design and arrangement of a dynamic-fluid assembly, using different mixtures 
of salt, comparing these tests with the results found in the static scheme carried out in previous works. The storage 
assembly proposed simulates the operation conditions of main solar power plants with major potential for 
application in Chile, parabolic trough, central tower and linear Fresnel solar plants, regulating the temperature in the 
range of interest, from 100 to 600°C. These tests would be performed with different intervals bearing in the 
flowability of the salts and the established real work range temperatures at different flow rates through the system. 
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